The ovary is particularly sensitive to the effects of irradiation. A radiation dose of less than 4 Gy may cause the death of half of the oocytes. 1 Ovarian failure has frePubertal development and androgen production were evaluated 1-10 years after bone marrow transplantation quently been noted among girls and women with hematologic malignancies after total body irradiation (TBI) (BMT) in 15 females aged 14-23 (mean 17) years. Before BMT, these patients had received combination included in the preparative regimens for bone marrow transplantation (BMT). 2-4 Accordingly, women who have chemotherapy for hematologic malignancy, and all had had a transplant program including total body been subjected to allogeneic BMT suffer from secondary amenorrhea and infertility. In addition, the majority of these irradiation (TBI). Of the nine patients who were premenarcheal at BMT, two had subsequently experienced women may have vasomotor and genitourinary symptoms and also difficulties with intercourse. 5,6 These symptoms spontaneous menarche at 11.5 and 13.3 years of age. Six were post-menarcheal, but became amenorrheic after have been reduced by hormonal replacement therapy with estrogen and progesterone. However, late ovarian recovery BMT. Menstruation subsequently started spontaneously in one of them 6 years after BMT. At the time of the may occur in some young survivors several years after BMT. 7 The actuarial chance of having spontaneous menstudy, three patients were early to mid-pubertal and 12 late pubertal or post-pubertal. Twelve patients were strual periods 10 years post-BMT may be as high as 100% if the patient was transplanted before the age of 18 years.
receiving sex steroid substitution therapy. Serum concentrations of testosterone, androstenedione, dehydroThere are no good ways to predict ovarian recovery. More accurate methods would allow better advice regarding horepiandrosterone (DHEA) and DHEA sulfate (DHEAS) were determined. Androgen levels of late pubertal and mone substitution, contraception and family planning. In contrast to BMT, conventional chemotherapy for leukemia post-pubertal transplanted patients were compared with 19 post-menarcheal patients aged 14-21 (mean 17) with or without prophylactic central nervous system irradiation rarely results in any evidence of ovarian failure.
8 years who had been treated for hematologic malignancy with conventional chemotherapy. Testosterone levels of The diagnosis of ovarian dysfunction is usually based on elevated gonadotropin and low estradiol levels. The ovarian 52 healthy post-menarcheal females aged 14-29 (mean 19) years were measured as controls. Androgen levels theca cells produce androgens, mainly androstenedione and testosterone, and these are converted into estrogen by the of the BMT patients were lower than those of the conventionally treated patients. Differences in testosterone, enzyme aromatase which is highly active in the ovarian granulosa cells. Androgens are also important for the develandrostenedione and DHEA levels were significant. Three spontaneously menstruating BMT patients had opment of normal female secondary sexual characteristics and for the activity of striated muscle. In addition, they may normal androgen levels. Testosterone levels of the conventionally treated patients and healthy controls were influence libido and the quality of sex life. All these features are often impaired in females after TBI. 5,9 In addition similar. Subnormal androgen production might be one factor behind the problems in pubertal development to the ovary, androgens are also produced by the adrenal cortex which contribute most of the circulating dehydroand sex life experienced by females after BMT. The use of these hormone levels for follow-up purposes and the epiandrosterone (DHEA) and especially DHEA sulfate (DHEAS) in females. Only minute amounts of testosterone potential value of androgen replacement therapy in females after TBI merit further study. and androstenedione are produced by the adrenals. There are hardly any reports on adrenal and ovarian androgen proKeywords: androgens; testosterone; androstenedione; dehydroepiandrosterone; females; bone marrow transplanduction after TBI. Hinterberger-Fischer et al 10 reported seven adult female patients with normal testosterone levels tation after TBI. Plasma cortisol levels remain within normal limits after TBI.
5,11
We studied pubertal development and androgen production of young females surviving childhood leukemia and report here impaired androgen production in patients after a TBI-containing transplant program as compared 
Patients and methods
diagnoses were ALL (n = 12), AML (n = 4) and non-Hodgkin's lymphoma (n = 3). The therapeutic regimens used The study included 34 female patients over 14 years of age, were the standard Nordic or CCG-derived protocols for leutreated and followed-up at the Children's Hospital, Univerkemia and lymphoma. 12 Of these patients, nine had sity of Helsinki, for hematologic malignancy from 1980 received prophylactic central nervous system irradiation of to 1994.
24 Gy and two mediastinal irradiation of 24 Gy. The malignant disease had been diagnosed between 0.3 and 14 years (mean 7.0) of age. The post-therapy interval was 1-14 years Transplanted patients (mean 7). All 19 patients had experienced a normal menFifteen patients seen at 14-23 (mean 17) years had been arche at the ages of 11-15.2 years (mean 12.8). They contransplanted at ages between 4 and 17 (mean 12) years and tinued to have normal menstrual periods. Three were using received TBI of 10-12 Gy in 1-6 fractions as part of the contraceptive pills of combined type at the time of this conditioning regimen. Primary diagnoses included acute study. lymphoblastic leukemia (ALL) (n = 6), acute myeloblastic leukemia (AML) (n = 6) and chronic myelogenous leukeReference subjects mia (CML) (n = 3). Before BMT, all patients had received combination chemotherapy. As conditioning therapy
As normal healthy controls, we studied 52 females aged patients received high-dose chemotherapy with either 14-29 (mean 19) years. They were all menstruating norcyclophosphamide (n = 12) or cytosine arabinoside (n = 3) mally. Eighteen were using contraceptive pills of the comprior to TBI and BMT. The post-BMT interval ranged from bined type. Of the androgens, only testosterone was meas-1 to 10.5 (mean 5.1) years. Of the nine patients who were ured in these subjects. pre-menarcheal at BMT, two have subsequently experienced spontaneous menarche at the ages of 11.5 and 13.3
Methods years, 7.3 and 2.0 years after BMT, respectively. The other Pubertal development and ovarian function were assessed pre-menarcheally transplanted patients received sex horboth clinically and biochemically 1-14 years after disconmone substitution for delayed pubertal development. Six tinuation of therapy. Pubic hair and breast development patients were post-menarcheal at BMT, but became were staged according to Tanner. In addition to history and amenorrheic. Menstruation subsequently started sponphysical examination, serum concentrations of testosterone, taneously in one of them 6 years after BMT; the others androstenedione, DHEA and DHEAS were determined in received cyclic sex hormone therapy. At the time of this the same laboratory, using specific radioimmunoassays. study, three of the transplanted patients were in early to
Testosterone and androstenedione were quantified by RIA midpuberty (Tanner stages II-III) and 12 were in late after extraction with ethyl ether-ethyl acetate (70:30) and puberty (Tanner stages IV-V) ( Table 1) .
separation on a lipophilic gel (Lipidex 5000, Packard Instruments, BV Chemical Operations, Groningen, The Conventionally treated patients Netherlands) as described by Apter et al, 13 except that the antiserum for androstenedione was obtained from Sigma. We also studied 19 patients (aged 14 to 21 years, mean 17 years) who had received conventional chemotherapy. Their DHEA was quantified by RIA after extraction with pet- roleum ether, as described by Hammond et al. 14 The antitreated patients (P = 0.002 and 0.012, respectively) ( Table 2) . serum was obtained from Sigma, St Louis, MO, USA. DHEAS was measured by RIA using Coat-A-Count
The DHEAS levels of the transplanted patients tended to be lower than those of the conventionally treated patients, DHEA-SO 4 (Diagnostic Products Corporation, Los Angeles, CA, USA). Results for the androgen levels of late but the difference did not reach statistical significance. Two or more subnormal androgen levels were measured pubertal and post-pubertal females are reported. in 6/10 BMT patients with у2 measurements available. The three spontaneously menstruating transplanted patients Statistical methods (Nos 3, 4 and 14) had normal androgen levels ( Table 3 , Figure 1 ). Significance of the differences between groups was calculated by the two-tailed t-test or by analysis of variance.
Discussion

Results
Ovarian failure with amenorrhea, low circulatory estradiol levels, elevated gonadotropin levels and infertility is seen Androgen levels of the female patients treated with TBI were lower than those of the conventionally treated patients in all female patients after post-menarcheal total body irradiation used as a preparative regimen for BMT. 4,5,7 In (Figure 1, Table 2) . The mean testosterone level of 12 of the BMT patients was significantly lower than that of the females transplanted before menarche, total body irradiation seems to be less damaging to the ovaries. 6,7 The 52 healthy controls (mean 0.81, 95% CI 0.72-0.91 nmol/l; P = 0.002) and that of the 19 patients who had had convenlow androgen levels in the BMT patients, reported for the first time in this study, most likely also reflect ovarian tional chemotherapy (P Ͻ 0.001). The two latter groups did not differ from each other.
damage.
In normal ovaries, both granulosa and theca cells are The androstenedione and DHEA levels of the BMT patients were also lower than those of the conventionally needed for steroid hormone synthesis. The principal steroid products of the normal post-menarcheal ovary are estrogen patients. These findings suggest that during TBI some patients incur damage to the androgen-producing cells of and progesterone. Theca cells produce androstenedione, which is converted into estrogen by the granulosa cells. The the adrenal cortex. The sensitivity to irradiation of various types of hormone-producing cells in the adrenal cortex, high activity of aromatase in these ensures that most of the testosterone produced is converted into estradiol and only located in different cell layers, might differ as do, for instance, those in the hypophysis where growth hormone small amounts of testosterone are released. In this study both testosterone and androstenedione production were producing cells are more sensitive to irradiation than gonadotropin or thyrotropin producing cells. 16 impaired in female BMT patients. Testosterone levels were low as compared with those of the conventionally treated After conventional chemotherapy for leukemia, ovarian damage is rare both in girls and in adult females. 8, 17 This leukemia patients and healthy controls. The androstenedione levels of the BMT patients were also low as comfinding is supported by the normal androgen production demonstrated in the present study. The testosterone concenpared with those of conventionally treated leukemia patients or with previously published values for healthy trations in these patients were almost identical to those of the healthy controls. In the conventionally treated patients, pubertal-matched females. 15 Although the gonads produce DHEA and androstenethe adrenal androgen concentration compared well with the values reported for healthy pubertally matched females, 15 dione as precursors of testosterone and estrogens, they only secrete negligible amounts of DHEA and DHEAS. In which further supports the notion that antileukemia chemotherapy is well tolerated. addition to the gonads, the adrenal cortex produces significant amounts of androgen precursors. More than 90% of Normal pubertal development and sexual well-being are the outcome of complex interactions between several horthe circulating DHEAS derives either from direct adrenal secretion or from peripheral sulfation of DHEA secreted mones and psychologic factors. In female patients treated with TBI, delayed pubertal development or symptoms of by the adrenals. The adrenal cortex produces only minute amounts of testosterone and estradiol, having very low conmenopause are common and usually thought to be due to a defect in ovarian estrogen production. In this study, most centrations of the enzymes needed for their production. Thus, a low concentration of DHEA and especially of of the pre-menarcheally and post-menarcheally transplanted patients were receiving estrogen or cyclic estrogen and DHEAS is indicative of a defect in hormone synthesis by the adrenals. Plasma cortisol levels have been shown to be medroxyprogesterone substitution. Thirteen of 15 transplanted patients had had delayed pubertal development or within normal limits after TBI and the adrenal gland has been suggested to be resistant to the effects of TBI. Littley amenorrhea after BMT, and ovarian insufficiency had also been verified by increased gonadotropin levels and/or low et al 11 did not find any evidence of impaired hypothalamicpituitary-adrenal function after TBI in 21 adult patients. estradiol levels (data not shown). The clinical experience is that apparently normal pubertal development and menPlasma cortisol levels were not measured in our patients. In the present study, the mean value of DHEAS in the BMT struation are usually achieved in young BMT patients with the help of hormone substitution but development of breast patients did not differ from that of conventionally treated patients. However, half of the BMT patients had subnormal tissue may be suboptimal and pubic and axillary hair is often scanty as compared to conventionally treated girls DHEAS levels. In addition, DHEA levels were significantly lower in the BMT patients than in conventionally treated with leukemia. of transplanted females who were post-menarcheal but
